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1.0 Introduction

The Alaskan and Canadian Arctic has proven to be one of the world's most
important resources of hydrocarbons. Since some years increasing effort
1s made to expand here the drilling season for oil and gas exploration
and exploitation. In order to prevent ships and structures from severe
damage or loss and the environment from avoidable pollution,both ships
and structures being operated in this region must be designed to withstand
ice loads. One of the most hazardous form of ice loads is exerted by
multiyear pressure.ridges, which are by all means a common natural event
in this region. Besides the driving forces (current, wind) and the re-
sponse characteristics of the individual structure, the failure of the
ice encountered gives one of the most important Timiting conditions for
ice loads. In order to obtain input data for calculations on this tvpe of
upper bound SHELL DEVELOPMEMT COMPANY ordered under Contract Mo. RE 125 K 14
from the Hamburgische Schiffbau-Versuchsanstalt GmbH (HSVA) a series of
uniaxial and biaxial compressive strength tests on sea ice sampled in the
Beaufort Sea from multiyear pressure ridges. This study is the objective
of the present report.
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2.0 Test Program
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Sea ice probes, which had been sampled from multiyear pressure ridges in

the period April 3-15, 1981 in an area north west of Reindeer Island

(Prudhoe Bay, Alaska; see Fig. 2.1) had to be studied with respect to

their strength properties under six different test conditions, in

which temperature, strain rate and stress state (uniaxial and biaxial)

were varied. The test conditions to be investigated are compiled in

Table 2.1.
g:i$es Stress State ?trawn f?te Temperature | yo. of Tests
No. “x (s TI e
compressive -5
1000 hiaxial 1.0 - 10 -5 10
g g =11
XY _
g, =
cqmpfessive
2000 biaxial e 1.0 - 1070 -5 10
X5 Y 2 g
z
cqmpressive
3000 biaxial 1.0 - 1073 -20 10
Gx:Gy = 1:1
O'Z =
cqmp(essive
4000 biaxial e 1.0 . 1073 -20 10
Og-oy = ¢F
czy =0
compressive
5000 uniaxial 1.0 - 1072 -5 10
o, £ 0
o, =g, =0
compressive
6000 uniaxial 1.0 - 1073 -20 10
o, 70
oy 0, = 0




BEAUFQRT SEA

////////A

7 sTueY AREA

N ! //////////

LONG L A
\_e;.—_.,.\ RE!NDEER.I'.\\'
\ ARGO ?

EGG L.

GWYOYR \

BAY ;\&TUMP 3

PT. MCINTYRE

GULF 1. NIAKUK IS.
M A

1

PRUDHOE BAY

Fig. 2.1: Location of sample collection (map after Cox et a1.‘, 1982)
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The number of 10 test runs For each of the six test conditions reflects
the wide scatter of strength results, which could be expected with re-
spect to the variation of ice qualities and of crystal orientations in a
ridge.

The original test program provided only for four different test conditions
(series 1000, 3000, 5000 and 6000) with 15 test runs each. The advantage
of the original schedule was a higher reliability of the results from a
statistical point of view. But this additional reliability, when compared
to 10 test runs in each series, seemed not to wgigh as heavily as the
advantage of obtaining additional information from two test series in- .
vestigating an intermediate stress state.

In the original test program true strain rate control parallel to the
primary load direction was requested (see for comparison Hiuslar, 1982).
After the performance of some biaxial test runs of different test series,
the program was changed to nominal strain control. The tests already
executed under true strain control were redefined as additional pilot

series. While for the true strain control the Ux1 deflection transducer

(see Fig. 4.3) was attached to the specimen itself, it was now attached

to the tip of two opposite bristles of the x-axis’ brush-type loading
platens. The reason for this change was the fact that under true strain
control, the test had to be terminated when the first major crack occurred
between the two pick up points of the UX1 ?ransducer, especially during
the fast tests (series 3000 and 4000) where the specimen exhibited brittle
fracture. In order to reach the target strain of R 3.5 % it was de-
cided to tolerate the disadvantage of the nominal strain control i.e. to
include in the actual strain value disturbance effects from the contact
zone between platen and sample.
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3.0 Test Facility

3.1 Laboratory and_test _egquipment

e e TR R L R NP e ap s S b dibgiing

For the purpose of fundamental ice investigations HSVA has opefated since
1978 an ice laboratory equipped for various types of experiments. Up to’

now priority was given to the exeéution of compressive strength tests

under uniaxial and multiaxial stress states. For the performance of strength
tests under force and strain control a triaxial loading device is used which
has a load capacityof 100 kN per axis. Each of the three axes can be indi-
vidually closed loop controlled by its own electronic control unit. Coupling
between the three axes is done electronically and so allows a wide variety

35‘1and

of stress states and test procedures. Strain rates between & = 10°
Tess than 10'53"are possible {in connection with cubic samples of about

70 mm side Tength).

Fig. 3.1: Triaxial closed-loop testing machine
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Sample dimensions were evaluated using a precision stage with a dial gauge
of 0.01 mm resolution and for weighting a commercial type of balance with
a graduation of 5 g was employed.

A11 data characterizing the sample and the test conditions were registered
manually.

The rapidly changing time dependent signals, such as forces and deflections,
were converted'from<anaTogue to digital and on-line recorded on floppy

disks on a Hewlett Packard 21 MX-E series digital .computer (hp 1000 family).
The possible digitizing rate is limited by the transfer rate from the AD-
Converter to the disk on one end and by the storage capacity of the disk on
the other end. In the present study a digitizing rate of 100 c.p.s. and

50 c.p.s. respectively was used for the high strain rate test series, while
for the Tow strain rate test only a rate of 4 C.p.s. was possible. {In the
Tatter case the number of cycles recorded was in the order of magnitude of
20.000). ’
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4.0 Test Procedure and Sample Treatment

4.1 Sample Treatment Prior_to Testing

- - O > -l D A - S - Y S T, - - - — . - - -

The parental ice cores, which had been stored in a deep frozen cold chamber
at CRREL, have been shipped to HSVA in millboard tubes which had been
packed together with dry ice in insulated boxes on October 25/20, 1982
Immediately after reéeipt the tubes with samples have been repacked

from the transport boxes to a freezing box in which they were stored

at a temperature'of -35 °C.and\1ess until processing.

The work-off order of succession was determined by drawing lots.

The first step of specimen preparation was done by cutting the caore in
Cylindrical pieces of about 10 cm length. In the case of the cores R1A and
R18 this job had already been done at CRREL.

In a second step the cylindrical samples were cut on the band saw to raw
cubeés. The cuts of samp]e“s sides and end were collected, marked with -
core number and vertical position within the core, individually sealed in

a plastic bag, and than again stored in the freezing box for later crystal-
Tographic investigations, which were planned to be performed at CPRREL.

The third step of specimen preparation was to mill the raw ice cubes an the

lathe down to a side length of 69.8 £ 0.1 mm. Accuracy of dimensions was

checked On a high precision stage with a dial gage of 0.01 mm resolution.

In order nof to exceed to the precipitation temperature of the sodium

chloride entrapped in the saline ice's brine pockets, and thereby to minimize
brine drainage, sample preparation was performed at a temperature of about -25 °C.

The top side, with respect to the cubes position in the parental core, of the
machined sample was marked on one of the four corners with a dot, so défining
a sample oriented coordinate system (see Fig. 4.1).

The ready to test samples were stored in the test room at their target test
temperature for about one day in order to provide for homogeneous temperature
distribution within the sample when tested.
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——AXIS QF PARENTAL CORE

00T INDICATING
1-CORNER ON THE ~
CUBE'S TOP FACE

\\\\\\\\PARENTAL CORE

(106.7 MM DIAMETER)

(69.8 MM SIBE LENGTH})

COORDINATE
SYSTEM OF — ]

THE CUSE

Fig. 4.1: Orientation of cubic sample in the parental ice core
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4.2 Test Procedure
Prior to each test the sample's dimensions were again measured on the
precision stage and its weight was determined using a balance.

The air temperature and the ice temperature_were measured prior to each
test. The ice temperature was determined inside a reference ice cube of

the same dimensions as the one to be tested. The reference cube was stored
close to the test sample and had the same temperature nistory.

After this the sample-was put between the loading platens. The x-actuator

was driven towards the sample under position control until a minor preload
of about 0.2 to 0.3 kN was reached. At this point control was switched to

static force control and the x-force was kept at the preload value.

In the case of biaxjal loading the same procedure was done with the y=axis.
Here the preload was set to a value corresponding to the target ratio between
x- and y- force or stress respectively, i.e. to 1 or 0.5 times the X=-pre-
load. At this instant the secondary axis (y-axis) was switched to dynamic
force control, using the output signal of the primary axis' (x-axis) force
amplifier as dynamic setting means.

At this stage of the procedure the bristies, to which deflection transducers
were attached, were frozen to the sample by a drop of fresh water. This
guarantees a thorough contact between the tip of the bristles and the sample.
The x1-def1ection transducer was attached to two opposite bristles of the
x-loading platens.

After switching the primary axis (x-axis) to dynamic strain control the
samp?e was ready to be tested. Now the data acquisition and recording pro-
gram on the digital computer was started and some few seconds later the
dynamic setting means was set going. The test was terminated when the barset
x-strain or x-deflection respectively was reached.

During a pilot series of some few tests the procedure was a bit different.
Since here the x1-def1ection transducer was attached directly to the top
face of the specimen, the tests had to be terminated after the first major
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fracture occured, because by this event the transducer jumped off and
the closed loop was kicked out of control.

After the test the sample or it's dibris was melted and the melt's sali-
nity was determined. Prior to and after each test photographs of the
samples were taken.
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ng. 4.2: Test arrangement for uniaxial load application
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Fig. 4.3: Test arrangement for biaxial load application
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5.0 Data Analysis

The data generated by each test were processed using a computer program.
By this program the measured forces were converted into stresses using
the equation

o, = Fo /A (1 =x,y) (5.1)
with the stress in i-direction o,, the Toad in i-direction F: and the
initial average square cut area Ai the normal of which is parallel to the
i-direction. K : -
For the conversion of deflections into strains the change of the basis
length under deformation was neglected and the simplified equation

g, =U. / C,

‘: M = 7
in = Yin 7/ Gy (1 =x.y,z5n =1, 2)

was used with the strain €in in i-direction, the relative defle;tion between
two pick-up points in i-direction Uin and the initial distance between the
two pick-up points (basis length) Cin+ The second index n gives the identi-
~ fication number for different transducers or strains respectively of the

same direction,
The conversion was done for each sampling cycle separately.

Sample characteristics and test condition were transfarred manually from the
test protocol sheet to the computer. For the evaluation of a reference value
for the- initial salinity of the samples, the average salinity of all samples
of the same parental core which had already been tested at CRREL (see Cox et al.,
1982) was computed. Density was determined by dividing the samples mass by the
average cube's side lengths

op=m/ (01, 1,). - (5.3)
The test conditions and sample characteristics were listed on a protocol sheet
(see Appendix A) together with an extract of the time histories of stresses

and strains of about 30 digitized cycles equally distributed over the complete
test run. In addition the protocol sheet was written in ASCII-form on
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magnetic tape succeeded by a complete 1ist of all digitized cycles of
stresses and strains.

The time histories of stresses and strains as well as the primary stress
Ty and the uncontrolled strains versus the controlled strain €4 were
plotted (see Appendix B8). In order to avoid bas scaling of the plots
peaks generated by external distrubances were detscted and eliminated

by the plot program.

In some of the 1ists and plots the stress in-the unloaded z-direction was
replaced by the actual position of the primary axis' hydraulic actuator
(x-direction) S+ '

The yield status of stresses and strains of each test was read from the
plots. The average strain rate in x-direction was determined from the
sTope of the €.1 versus time plots. The initial tangent modulus was deter-
mined from the slope of the g, over e , plots of the uniaxial tests.

Because of the stochastic distribution of crystal orientation within

a ridge ice mass, the ice was assumed to behave isotropic on macro scale.
~Upon this assumpt{on it is allowed to employ the isotropic three-parametric
yield function (Smith, 1974; Reinicke 1977)

- 2 |
f (cij) = aJ1 + §J2 + cJ1 -1 (5.4)

where oij is the stress tensor, J? is the first invariant of the stress
; .
tensor and J2 the second invariant of the stress deviator g%j’

ot (5.5.3)
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For a given temperature and strain rate condition the average strength
values for the three different stress ratios were computed. These
averaged yield stress states were used to determine the coefficients
of the yield function a, b and c. A1l results are presented in
graphical and in tabular form.

]
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6.0 Results

Table 6.1 gives the directory to all samples shipped to HSVA and to the
allied run numbers together with the nomenclature of sample identifica-
tion.

The protocol sheets of all valid test runs are collected in Appendix A,
the plots of stresses and strains in Appendix B. An example of a protoco]
sheet is given in Fig. 6.1 and of a set of plots in Fig. 6.2. Comments

" on most of the individual test runs can be found in Appendix C.

Table 6.2 gives the directory list to the three appendices.

The test conditions and the status at yield of the individual valid test
runs are compiled in Tables 6.3 until 6.5.

Averaged values of test conditions, stresses at yield and of the initial
tangent modulus (uniaxial tests only) for the different test series are
Tisted in tables 6.7 and 6.8. '
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Core Sample Run Core Sample Run Core Sample Run
No. No. . No.

C9 135-146 N R 50 451-461 1009 || R 9C | 494-504 4008

co 146-157 N R 35D 461-471 | <3004> |m=mmmmmfrmmmm e mte e e
------------ eemmde e | R 5D 471-481 4010} R 90 33- 36 *

R 1A g- 20 | <3006> || R 5D 481-491 2012 || R 9D 36- 46 N

R 1A 96-106 I s ittt ettt RI9D-| 46- 586 10C5

R 1A | 106-117 N R 7A 499-509 * R 3D 56- 66 2014

R 1A | 117-128 5004 R 7A 509-519 N R 9D |432-438 *

R 1A | 128-138 3007 R 7A 519-529 2015 || R 9D | 438-448 6004

R 1A | 138-149 30405 R 7A 529-539 1010 || R 9D | 448-458 5008

R 1A | 149-159 N R 7A 539-549 | * R 9D | 458-468 2006

R 1A | 256-267 | <5003> || R 7A 549-559 6009 | R 90 | 468-478 1011

R 1A | 274-285 3008 R 74 559-569 | <1004>| R 9D | 478-488 1007

R 1A | 325-335 N R 7A 569-579 N R 9D | 488-498 6007

R 1A |'378-389 N R 7A | "579-589 N R10C | 149-152 *

R 1A | 434-445 4005 | |emmmmmmmmm e ey R10C | 152-162 4012

R 1A | 449-460 | <5002> || R 7B 591-602 * R10C | 162-172 | <1014>

R 1A | 460-471 4006 R 78 602-612 N R10C | 172-182 2010

-------------------------- R 78 612-622 N R10C | 224-234 N

R 1B 10- 21 | *2001 R 7B 622-632 3011 R10C | 234-244 | <1003>

R 18 21- 32 | *3003 R 7B 632-642 3010 || R10C | 244-254 5013

R 1B | 100-111 | *3002 R 78 642-652 3009 || R10C | 254-269 *

R 1B ] 111-122 k*3001>{| R 78 652-662 | <4004>| R10C | 269-279 | <3012>

R 1B | 168~179 | *4001 R 7B 662-672 N R10C |279-289 3013

R 18 | 288-299 M R 78 672-682 N R10C | 409-412 *

R 18 | 299-310 [<*4002> || R 7B 682-691 1012 |1 R10C | 412-422 4013

R 18 | 353-370 I e e R10C 1422-432 5005

R 1B | 461-472 | *4003 R &6C 231-241 * R10C | 432-442 6008

R 18 | 540-551 *1001 R 6C 241-251 4009 | Fr=mmmmbmmm el e
------------------------- R 6C 251-261 2005 -

R 40 |275-285 | = ||R6C | 261-271| x ||not performed <3015

R 4D | 285-295 2011 R 6C 271-281 <6010>

R 4D | 305-315 N R 6C 291-301 5001 | -==>==-

R 4D | 315-325 L s e Core:

R 4D | 325-335 6003 R 98 227-231 * R multiyear ridge sea ice
R 4D | 335-345 2013 R 98 231-241 N C multiyear floe sea ice
R 4D |} 345-355 6006 R 98 241-251 <2009> n number

R 4D | 355-365 4007 R 98 251-261 5012 | A,B core hole positicn

R 4D | 365-375 5011 R 98 261-271 6011 1 C,D index
----------------------- -—- | R 98 271-281 <2008>

R 5A | 226-236 3016 R 98B 281-291 5005 | Sample:

R 5A | 236-246 3014 R 98B 293-303 5007 |t - b distances of top and

R 5A | 246-255 N R 98 303-313 | <2007> bottom of the specimen
R 5A | 256-266 N R 98 313-323 4011 from top of core [cm]
R 5A | 266-276 3017 R 98 323-326 *

R 5A | 276-286 | <5006> | |r====mmmmmmmememnieceeee e Run Mo.

R 5A | 286-296 1002 R gC 230-240 5010 n run number of valid

R 5A | 296-308 N R 9C 240-250 2002 test, strain transducer
R 5A | 306-315 6002 R gC 250-260 4014 attached to platens

R 5A | 316-325% * R 9C 260-266 * <n> dto. invalid test

R 5D | 391-401 * R oC 266~276 | <1013> *n run number of valid

R 50 | 401-411 1015 R aC 276-286 | <2003> test, strain transducer
R 5D | 411-421 2004 R gC 286-296 N attached to specimen

R 5D | 421-431 N R oC 471-474 * <*n> dto. invalid test

R 5D | 431-441 1006 R 9C 474-484 N * sample not testable

R 3D | 441-451 1008 R 8C 484-494 5009 N sample not investigated
Table 6.1: Directory to samples and allied run numbers
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3{aXIAL CONMPRESSIVE STRENGTH TESTS WITH IcZ
FROM MULTIYEAR RIDGES REINDEIR ISLAND PRUHDCE 3AY
3-1S APRIL 1981 ..

TISPROBENENTNARME 3,81 BEI SIE = 1.3 g/00
DATEN DER PRORE: TENPERATURERN
LX =2 49.73 M PHIX = 90 GRAD Ia i = 295 G TL = -20.33 GRAD ¢
LY = 49,74 MM PHIY = 90 GRAD RHQ = 868 KG/MH»s3 TP = -20.10 GRaD ©
LZ = 459,32 MM PHIZ = § GRAD SIg? = 2.1 0/00 -
BASISLAENGEN FUER DEHNUNG: VERSUCHASVORGAREUERTE: .
CX1 = 47,72 HM CX2 = 32.30 nnd S = - 3.7108 MM FY/FX = ‘S300
CYl = 32.29 H# CY2 = 33.70 M DT = 33.19 3 FZ/FY = 3.3089
CZ1 = 33.20 -HM CZ2 = 32.10 MM ZPSXt = ,1301%5-92 1/8
T IGX £PSX1 IPSx2 3IQY ZPSY1 ZRSY2 3132 PSSt IPSZ2
(3] ({MPal] (MMMl MM/ M1 (MBal THm/ M1 [HM/ ] (M8} (Mm/™] (MMM
.01 A g-Y- 0834 ~1.,3373 134 2.5148 -1,9834 3.309 0.0000 =-.333%
1.33 3.5%4 L2351 -1, 2474 1.764 2,33583 -1.9923 3.300 #.g0n0 -.32%4
2.53 ?.013 1.3983 -, 4732 4,313 2.0177 -1.9242 3.4q9¢8 3.3400 ~1.3079
3.97 7,538 22,9478 1.39S9 4,829 1.3159 =-2.9602 0.300 -1.22738 =-3.30a31
3.2 8.380 3.2798 32,5342 4,225 L7013 ~3,7%9s L3S -3.0839 -4.,7%57
4,581 7.700 $.3923 3.7719 3.83s L1170 -4, 3304 LAN3 -3.8827 -5.3117
7,93 7,146 5.9143 3,.9787 3,513 ~-,33886 -35,9915 303 ~7.138%8 -3.2397
7.23% 5.958 8.2332 5.3735 3,348 ~1.33829 =-3%./143 LI0S -9 2918-110, 35455
13.37 5,571 9.3434  7.34348 3.282 ~1.7845 -5, 3941 CB0s-11, 2738-12, 3328
11.89 $.243 19.3%48 9.1179 3.118 ~2,3488 -7, 3483 C305-13, 5489~14,19132
13.2% 5,078 12,1825 13.33355 3.3386 «3,0997 ~-7.4894a ,006-15,3476-15.3200
14.353 3.873 13.384% 11,3333 2.778 =3.7722 ~7.9540 SI0S-18 . 2177 ~17 ., 44983
15,33 S.771 14.7799 12,919S 2.713 ~4,31358 -3, 4663 L 305-20.23733-19 . 0497
17.17 35.563 15,1021 13,1647 2,310 ~3,3297 -8.9399 L 307232, 3335~-30, 44227
18,49 5.343 17,4197 1S.4183 2.745% =35,5438 -9.383490 L303-24.3710-21.3857
19.31 3.442 13,7330 1a.7211 2,728 =-5.22386 -~-7.7538 .304-25,3259-33. 1392
21.13 3.319 20,0316 18.9873 2.625 =5,4943-10.1535 .305-29.5113-24, 4133
32.4% 5,214 21.3438 19,4533 2,626 ~7.2813~-113,.5088 L3073 .3815-25,3937
23.77 J.173 22.5588 21.3573 2.544 -7.3349-13.3441 W 007-32.35804-25,5359
25,49 S.134 23.9947 22.209% 2.323 -8.3213~-11.2489 LI07 =34, 3320-237.4732
25,41 3.113 25,3033 24.799S 2.38%3 -8.9773~11.3833 .308-34.29234-17. 2970
272.73 3.072 25,6356 25.3488 2.381 ~$.33837-12.131882 307-38.3535-17, 3528
29.438 $.331 27.9342 28.5408 2.341-10.3301-12, 1332 Q07-48.1373-19 ., 9993
33.37 4,370 29, 23584 33§.2%40 2.361=13.3272-12.72913 307 =41 . P1756=20.3612
31,59 3,929 30.561946 31.2741% 2.3023-10.93466~12.3373 1 009-43,5023-21, 1338
33.01 4.847 31.9145 32,1948 2.330-11.3213=-13.29:37 »008-4G, 2534~21,8945
34,33 3.867 33.209S5 33.3997 2.430~12.2136~13. 3891 .009-44.3375-22 . 395
335.63 4.825 34.3454 33.07%S7 2.379-12. 315713 .5754 »008-48, 399a~-223, 546351
36,97 4.754 33,8540 346.562901 2.379-12.9835~13.3243 .308-22.,3707-22.9313
38.3% 4.783 37.14256 33.3536 2.339-13.4222-13.9723 .308-2% ., 935358~23.23503
39.51 4.744 38,3849 39.79890 2.318-13.3315=14,1399 .308-26.73553-23 ., 379%
33.93 4,882 39.7933 40,5294 2.338-13.2995~14,3883 313327, 4405-33, 2799
42,35 4.541 41,1138 31,9461 2.297-14.7088~14.,3940 C309=2%.3343~-23. 3799
43.37 4.723 42.3380 43.307S 2.339~135.08%0~-12.3012 +308-239, 2253-233, 1298
44,39 4.734 33,7366 35,5192 2.379=15, 4984=13, 7738 CI10-29.1253-23.19%03
346,18 3.541 43,1915 a5,2429 2.338-15.7323~-14,v7138 L313-29 . 29456-32, 791 )
MESSWERTZDATII: M2335a }
HESSIEGINN 13: &: 713.13 UHR MESSDAUER: 33.78 3
AUSGEWERTET VON 2.00 8 ZI8 i8.19 3

ZAHL DER MESSPUNKTEI: 341(3

Fig. 6.1: Example of a test protocol sheet (Appendix A)
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Fig. 6.2: Example of the plots (Appendix 8)
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Run No. | Stress Ratio | Temperature | Strain Rate {Protocol Plots | Comments
5, i T,orer | sy | Sheet |
X Ty [ X Page No. | Page No.|Page No.
1002 A4 B 3 -
1005 AS B 5 c7
1006 As 8 7 c7
1007 A7 B 9 -
1008 -5 A3 B11 C7 -
1009 11 -5 10 A9 813 c7
1010 A10 815 C7
1011 A1 B17 -
1012 A12 B19 C7
1015 A13 B21 c7
2002 A4 B23 C7
2004 A15 B25 c7
2005 A16 B27 c8
2006 =z At17 B29 of!
2010 2:1 -5 107 A13 831 c8
2011 A13 B33 c8
2012 A20 835 c8
2013 A21 B37 ca
2014 A22 839 ca
2015 A23 841 c3
3005 A24 843 C9
3007 A25 845 ofe!
3008 A26 847 g
3009 -3 A27 849 C3
3010 1:1 -20 10 A28 851 ofe)
3011 A29 853 ofe
3013 A30 B55- o
3014 A31 B57 €10
3016 A32 B59 C1
3017 A33 861 c10
4005 A34 863 C10
4006 A35 B65 C10
4007 A3¢ 867 C10
4008 A37 B69 C11
4009 -3 A38 871 C11
14010 2:1 -20 10 A39 873 C11
401 A4Q 875 C11
4012 Adn 877 C11
4013 Ad2 B79 C11
4014 A43 B31 C12

Table 6.2:

Directory List of Appendices A, 3 and o




S AL RGN I3 SR e | b o g 2

B133

Run MNo.| Stress Ratio| Temperature| Strain Rate | Protocol Plots | Comments
. T, oC] 2y [5—1] Sheet
% * Uy [ “x1 Page No.| Page No.| Page No.
5001 Ads B 83 -
5004 A45 B 85 12
5005 A4G B 37 C12
5007 Ad7 3 89 C12
5008 0 s o A4S B 91 -
5009 : A4Q 3 93 12
5010 A50 B 95 --
5011 A51 8 97 --
5012 A52 3 99 -
5013 453 3101 --
6001 A54 3103 12
5002 A55 3105 C13
5003 456 8107 C13
5004 A57 8109 C13
6005 , -3 A58 3111 13
5006 1:0 -20 10 A53 113 C13
5007 460 3115 C13
6008 461 3117 13
© 6909 452 3119 C13
5011 A3 3121 c1a
1001 o1 -5 1973 A4 8123 C1a
*2001 2.1 -5 1972 465 3125 14
*3002 _ -3 A6 8127 C1:
*3003 I -20 1 AG7 3129 c1a
4001 . -3 463 8131 c1s
*4003 2:1 -20 10 469 C15

Table 6.2 (continued): Dfrectory List of‘Appendices A, Band C
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{
Series |Salinity Censity Temperature | Strain Rate Number
o173 at Yie1g1 of
ST [°/56] (kg'm 1 | Ty [°C ] X110 s '] Tests
1000 (1.8 1.0 | 8853 | -5.070.1 1.00%0.00.10°5] 1g
2000 (1.3 70.6 |89 %15 | -5.1%0.1| 1.00 % 0.01 1973 10
3000 {1.3%0.6 {9095 4| -20.2%0.1 ) 1.00%0.09 . 1973 10
4000 |1.9 2 0.7 | 890 ¥ 23 | -20.2 ¥ 0.1 0;98‘t 0.09 - 10°3] 19
5000 1.7 £ 1.3 | 873 % 31 -5.2 0.1 1.01 Yo.00 - 1p7° 10
6000 12.5%1.5 |88 Y17 | -19.9 % 9.1 | 0.99 ¥ 0.11 - 1073 10
1000 . : . -5
2000 1.6 1.0 | 830 % 27 -5.1 2 0.1 1.01 0001 . 10 30
5000 v
3000 - 4 + _3
4000 11.9 = 1.2 | 895 - 19 | -20.1 = 0.2 | 0.99 - .09 . 10 30
6000
| i
Table 6.7: Average values of test conditions
"1 Primary Stress Secondary Stress Initial Tangent | Number
Series| at Yield at Yield Modulus of
ci (MPa] /(P £ [(GPa] Tests
1000 2.30 £ 0.90 2.30 T 0.91 - 10
2000 2.33 £ 0.23 1,12 2 0.11 -- 10
3000 13.37 £ 1.87 13.32 £ 1.85 -- 10
4000 11.98 = 2.12 5.98 T 1.04 -- 10
5000 1.40 £ 0.25 -- 0.87 £ 0.49 10
6000 7.16 £ 2.03 -- 6.33 % 2.40 10

Table 5.

3:

Average strength and elastic properties
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In the following the characteristics found for the different test seriss

are described:

Series 1000 (o, =, Ty = -5 °C, & = 107 sy
The typical time histories of stresses in x and y direction show a sharp
rise during the initial few seconds up to stresses of about half the
yield stress. The yield stress is reached after a period of strain
hardening at strains ¢, of usually less than 1%. After yield the curve
remains flat. Only a very slight décrease in stresses can be observed.
Towards the end of the tests{at strains 2 around 4%) stresses increase
again reaching and slightly exceeding the stresses of initial yield.

Ouring some of the runs a reasonable amount of water was squeezed out
of the specimen forming icicles at the unloaded bottom surface.

Fig. 6.3:  Sample # 1012 (R7B 682-639, sample prior to the test)



Fig. 6.4: Sample # 1012 (R78 682-689) under biaxial load
with parallelogram guided deflection transducer

Fig. 6.5: Sample # 1012 (R7B 682-689) with typical crack
orientation in plane with the load

Typically the cracks, if any, were of minor size and were in plane with
the applied load directions.
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Series 2000 (cx = 20y , 1, =-5°C, e = 10
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53‘1)

I :
The typical force versus time or stress versus controlled strain curve
exhibits a snarp initial increase up to stress values around half the
yield stress. It follows a period of strain hardening which ends at the
yield point. The yield point is not necessarily the maximum stress during
the whole test period, but indicates the first expressed stress maximum.
The controlled strain at yield is usually less than 1%. Typically the
stress curve for this load condition (c1 = 2 62) decreases after yield
continuously and seams to tend towards an asymptotic value which certainly
1ies beyond the end of the tests.

The crack pattern is similar to the one observed in series 1000 (see Fig.
6.5). ‘

Fig. 6.6: Sample # 2015 (R7A 522-329) after hiaxial loading

with g, = 2 oy

T ,-iifr%wmw " L MO e s o oot
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= =20 °C, ¢ =10

it
Q
—

I, [

The specimen loaded biaxia]lx with I, = oy at a primary strain rate of

g = 1O~3s'1 at a temperature of T = -20 °C typically fail before having
reached a zero tangent modulus, and in general exhibit a brittle failure
mode. In some cases the first sharp load break, the precedihg Toad maximum

of which gives the yield load, is followed by a second load increase which

is terminated by final failure. One single specimen only failed after a period

of strain-softening. The yield stress typically was reached at primary

strains of ¢ = (0.25%.
) x1

Fig. 6.7: Sample # 3007 (R1A 130-137) prior to the test




P 2 i i: it i s § PR
fon b et it i R RS s leids b Bl b ORI PIRRE L 04084 s

%
E4
i
Fig. 6.8: Samole # 3007 (R1A 130-137) after biaxial loading
with o = o .
s Y

Usually the samples were destroyasd during the test. The major surfaces of

failure were in general slightly inclined to the plane formed by the loads.
¥
#

Fig. 6.9: Sample # 3013 (R10C 279-288) after biaxial loading
with o _ o load cell side surfaces.
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Fig. 6.10: Sample # 3017 (R5A 2656-273) after biaxial loading
with g, =0

Y

In addition to the major crack paths most of the specime: were filled
with microcracks.

Serfes 4000 (¢ =290, , T, =-20°C, ¢ = 107371

éxi = 10_35‘1 = =20 °C typically fail somewnere in

the strain softening part of the load history. The failure mode exhibitad

The specimen loaded biaxially with g, = 2 Gy at a primary strain rate of
at a temperature of T

is brittle. The average primary strain at yield was g = 0.32%. The crack
pattern is similar to the one of series 300C.
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Series 5000 (oy =0, T, =-5°C, ¢

Fig. 6.11: .Sample # 4010 (R5D 471-478) after biaxial loading
with o -
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The specimen tested uniaxially at a primary strain-rate of S 1075
and at a temperature of T = -5 °C exhibited a ductile mode of failure.
Yielding was reached at an average primary strain of S 0.68%. The
specimen showed after the tests large deformations perpendicular to the

Toad direction but in general no cracks have been observed.
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Fig. 6.12: Sample # 5011 (R4D 368-375) after uniaxial loading

I

Series 5000 (sy =0, T, =-20°C, 2 = 10—35-1)

The specimen loaded uniaxially at a primary strain rate of S 10'35—1

at a temperature of T = -20 °C all failed in a more or less brittle manner.
After the test the samples were full of cracks or were totally destroyed.
In four tests fracture occured during or at the end of the load rise. In
these cases the load dropped to zero at fracture. Fracture or yield

occured at an average primary strain of on]yvex = 0.21%.

1
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ig. 6.13: -Sample # 6002 (R5A 309-315) after uniaxial
Toading

- Fig..6.14: Sample # 6002 (RSA 309-316) aftar uniaxial
Toading

s
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The primary crack pattern exhibits crack surfaces parallel to the load
direction but without orientation in the two other directions. In some
cases parts of the specimen failed in addition by buckling. The micro-
crack density is not as high as in the corresponding cases with biaxial
load application.

From the average strengths the coefficients of the thres parametic yield
function have been determined as follows:

a) temperature TI = -5.1 °C
strain rate £ = 1.01 - 10'55'1
' _ T -2 .. -2 2
f (Gij> = -1.80 MPa dJy + 0.90 MPa JZ - 0.01 MPa g0 -
- - -)! - ~
= -1.80 MPa (GX ; Oy + VZ)
+1.79 Mpa~2 (0,° + cX2 . 522)
-2 _
-1.82 MPa (chy + 0yuz + qux) -1 =0
b) temperature TI = -20.1 °C
strain rate ¢ = 0.99 - 1073
) -1 o= 1 2 .2
f (o—}.j) = -0.0476 MPa Jy + 0.0153 MPa = J, - 0.0045 MPa 3,7 -
T -
= -0.0476 MPa (g + s, + GZ)
~ '2 2 2 - 2
+0.0262 MPa (cx + Oy + g, )

-0.0396 MPa g o+ oyoz + g, cx) -1 = 0.

Xy

The strength results are presented in graphical form in Figs. 6.15 and
6.16. In the Tower right half of the plots the individual strengtns of

the valid tests are snhown and in the upper left half the average values.
(Reflecting at the g, = Uy Tine is legal with respect to the assumption

of isotropy). The ellipses connecting the average strengths are the inter-
section curves of the g, - cy - plane with the surfaces in the principal
stress space described by the two yield functions mentioned above.
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TEMPERATURE T = . -5,1 °C
STRAIN RATE ¢ =1,01-10"% s~*

Oy DENSITY = 880 KG M~3
[MPA] SALINITY S= 1,6 %o

V) ]
1
H

MEASURED STRENGTH
AVERAGE STRENGTH
WITH 99°/4-CONFI-

BENCE INTERVAL

O 0

Oy [MPA]

Fig. 6.15: Strength of multiyear ridge ice under plane stress at

T, =-5.1°Cand & = 1.01 - 107%"



s (30l - Dty

- 6.23 -

MEASURED STRENGTH

AVERAGE STRENGTH
WITH 99 9% -CONFI-
OENCE INTERVAL

&
TEMPERATURE T = -20,1 o
16 4 STRAIN RATE ¢ =0,99-102 s~
Jy DENSITY ¢ = 895 KG M3
[MPA] SALINITY Sz 1,9 %,
1% 4 .
. ‘
& 12 -
10 -
8 -
£
6 -
T
A
/ O
A %
F-S
Q e ® CDE, O
0 vi A 6 8 10

12

o 18
G, [MPA]

Fig. 6.16: Strength of multiyear ridge ice under plane stress

at TI = -20.1 °C and 2 = 0,99 -

107 7s

3.-1
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The yield functions determined above allow for the prediction of tensile
strengths. The function obtained for the high temperatire low strain rate
condition (ductile failure) predicts a tensile strength of ci = 0.40 MPa
which is the 3.5th fraction of the average uniaxial compressive strength.
When compared with the results of Peyton (1965), who reports fractions of
around 5: / c§ v 1/4, this seems to be a reasonable value. The yield
function obtained for the Tow temperature high strain rate condition (bittle
fracture) predicts a tensile strength of 89 % of the compressive strength,
a value, which should be cross checked with tests under direct tension. In
both cases the yield functions predict an infinite strength under hydro-
static pressure.

The strains measured by means of attaching LVDT's near the tip o? two bristles
on the same side of one of the brush-type loading platens must be regarded
with care. Since the transducers are not attached directly at the tip but

1.5 cm away, the values measured are systematically too small. The degree

of reduction depends on the degree of clamping of the bristles tip exertad

by the ice specimen tested. The reduction Ties between 3 and 16%. For corresct
interpretation of the measured strain values it is important to keep in mind
that this value represents the change in distance of the corresponding pick

up points during the‘test. (This is also valid for the Ux1 strain which is
measured with a separate parallelogram guided deflection transducer). It is
~obvious that this value includes not only the solid body deformation, but

also all gaps created by cracks between the two points. Furthermore it is
important to note that the measured strains may have, and tHey usualy do, a
zero offset, which in some of the tests affects the scaling of thecz over SR
plots.

+Tre application of the brush-type loading platens to strength tests on ice is
a rather new technique. (On concrete this technique has already proven

to pruduce reliable results; Gerstle, et al., 1975). The question, whether
this type of loading platen affects the test results is understandable,
especially whether or not the stress concentrations created at each single
bristle nucleate cracks and so lead to too small strength values. Without
any doubt the bristles indent somewhat into the sample's surface and so
affect a bit the €1 strain value if measured from platen to platen. But
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by judging from appearance of the samples after being tested, the effect
of the brush-type loading platens is only local and seems to have no
influence on the primary crack pattern. Furthermore knowing the advantage
of the brush-type loading platens to create only a minimal lateral
constraint to a face loaded, it can be concluded that the technique used
in this study is a step forward. |
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7.0  Summary

A series of 60 compressive strength tests on sea ice sampled from multi-
year pressure ridges has been performed. Three diffarent stress states,
uniaxial and biaxial with g, = cy and o, = 2 Uy have been investigated
together with two temperature - strain rate combinations TI = -5 °C,

¢, =107 and T, = 20 °C, ¢ = 1073577, the first exnibiting a ductile
the latter a brittle failure mode.

(Me

For both T - ¢ - combinations a yield function was determined assuming.
ridge ice to behave isotropic on a makroscopic scale. The cold ice
tested at the higher strain rate exhibited a failure strength 5 times as
nigh as the warm ice at the Tower strain rate, while under biaxial com-
pression g, = gy the ratic between the strengths was 5.8 : 1.
Corresponding to the irregular structure of pressure ridges the sémpies
showed almost all possible variations of sea ice and snow ice with den-
sities from o = 809 up to 913‘kgﬂf3 and salinities from SI = 0 up to

5.7 °/ss. So the results of this study can be taken as representative
for multiyear pfessure ridges in the Beaufort Sea.
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Directory List to Test Protocol Sheets
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Run No. | Stress Ratio Temperature | Strain Rate Protoco]
. o ey -1 Sheet
Ix 'cy TI ( C]. X [s ] Page Ne.
1002 A4
1005 A5
1006 A6
1007 A7
1008 -5 A8
1009 101 -5 10 A g
1010 A0
1011 Al
1012 A12
1015 A13
2002 Atd
2004 Al5
2005 Ai6
2006 =z A17
2019 2:1 -5 1077 A18
2011 ! A19
2012 0 A20
2013 3 A21
2014 | A2
2015 f P AZ3
i ; ;

3005 ’ A24
3007 [ AZS
3008 g A28
3009 -3 A27
3010 1:1 -20 10 - A28
3011 A29
3013 A30
3014 A31
3016 A32
3017 A33
4005 A34
4006 A35
4007 A3g
4008 A37
4008 -3 A38
4010 2:1 -20 10 A3S
4011 : A4Q
4012 Ad1
4013 AdZ
4014 Ad3
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Run No.!| Stress Ratio| Temperature| Strain Rate | Protoco]
- . - [°C] LY ,5-1] Sheet
“x ¢ % ' Txtot Page No.
5001 A4s
5004 A4S
5005 AdB
5007 AL7
5008 _ ) en=5 VE
5009 1:0 > 0 A4S
5010 A50
5011 A5
5012 A5?2
5013 A53
6001 AS4
6002 A55
6003 A58
5004 A57
5005 ; ae3 A58
6006 1 .O | '20 [ A59
5007 AB0
5008 251
6009 462
5011 AB3
*1001 111 -5 197> A64
*2001 2:1 -5 1072 265
3002 _ | -3 A66
*4001 . -3 As8
*4003 2:1 -20 10 A9
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est Protocol Sheet

1

(81

(22}

A
J

P

LFD.NR.  nnn.m vom  dd.fm.yy hh.mm UHR
run number  nnnn.m

test date dd.mm.yy (day, month, vear)
test time hh.mm {hours, minutes)

EISPROBEMENTNAHME mm.yy BEI SIE = s.s 0/00
sample collection mm.yy. (month, year)

initial ice salinity when sampled SI = 5,5 °/o0

DATEN DER PROBE:

LX = xx.xx MM PHIX = pp GRAD Moo= o G
LY = yy.yy MM PHIY = gg GRAD RHO = vvv KG/M*=x3
LZ = zz.z22 MM PHIY = rr GRAD SIP =s.5 0/00

specimen data

side lengths of ice cube }x’ Ty, }7 {mm)

in machine oriented coordinates

angles s Ty Ty in degrees between machines' coordinate

axes and the core's longitudunal axis {specimen orientet z-axis)

mass of sample m m {a]

: = : . -3
density of sample 5. fke m 7]
ks
salinity of sample's melt S_ [?/=2

o)

TEMPERATUREN:

Air temperature TL
Ice temperature inside a reference sample TP
BASISLAENGEN FUER DEHNUNG

basis lengths for strain measurement

YERSUCHSYORGABEWERTE :

target values for actual test run:

?ina] deflection Ut measured by deflection transducer Uy (mm]

(ramp hight time DT from start until reach of target deflection U1 given
in secondes (length of ramp)).
X1 [5-11

load ratio between x-axis (primary axis) and y= and z-zxis

Fy :FX and Pt Fy

target strain rate ¢

Time history extract

T {s] time of sampling cycle measured from start of analysis
SIGX, SIGY, SIGZ [MPa) stresses ¢ , 0, ¢
- '3 :

EPSX1, EPSXZ, ....[1077) strains Ze1o Sy

SX {mm] pesition of x-actuator
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